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Fractionalization of an electronic quasiparticle into spin, charge and orbital parts is a fundamental and char-
acteristic property of interacting electrons in one dimension. However, real materials are never strictly one-
dimensional and the fractionalization phenomena are hard to observe. Here we studied the spin and orbital
excitations of the anisotropic ladder material CaCu2O3, whose electronic structure is not one-dimensional.
Combining high-resolution resonant inelastic x-ray scattering experiments with theoretical model calculations
we show that: (i) spin-orbital fractionalization occurs in CaCu2O3 along the leg direction x through the xz orbital
channel as in a 1D system; and (ii) no fractionalization is observed for the xy orbital, which extends in both leg
and rung direction, contrary to a 1D system. We conclude that the directional character of the orbital hopping
can select different degrees of dimensionality. Using additional model calculations, we show that spin-orbital
separation is generally far more robust than the spin-charge separation. This is not only due to the already
mentioned selection realized by the orbital hopping, but also due to the fact that spinons are faster than the
orbitons.
PACS numbers: 75.25.Dk, 71.27.+a, 78.70.Ck, 71.10.Fd
An electron in a Mott insulator is characterized by funda-
mental quantum numbers, representing its charge, its spin and
the orbital it occupies. But when electrons are confined to one
dimension, these basic properties of the electron can break
apart (fractionalize), forming three independently propagating
excitations called spinon, holon and orbiton. While this very
fundamental property of one-dimensional systems is both ex-
perimentally and theoretically well-established [1–5], its rel-
evance in higher dimensions is heavily debated, in particular
in relation to the high temperature superconductivity in two-
dimensional cuprates [6–8].
The basic conceptual difference between one-dimensional
(1D) and higher dimensional systems, such as ladders or two-
dimensional materials (2D), can be illustrated by taking away
an electron, having spin and charge, from either an antifer-
romagnetic (AF) chain or an AF plane [see Fig. 1(a) and
(b)], and subsequently consider the propagation of the result-
ing hole [9] in these two different situations. In the 1D case,
the hole can start propagating freely after exciting only one
spinon (a magnetic domain wall in the chain) and can conse-
quently separate into a holon and a spinon [Fig. 1(a)] [1]. But
when hopping between sites in an AF plane or ladder, the hole
leaves behind a long trail of wrongly aligned spins [Fig. 1(b)]
[10–12]. This trail acts as a string-potential that tends to con-
fine the hole to its starting position and thereby to bind the
spin and charge of the hole [10–13].
These basic examples illustrate that whereas spin-charge
separation is a hallmark of 1D systems, any system beyond
strictly 1D is much more complex because of the coupling of
the charge carriers to the inherently strongly fluctuating quan-
tum spin-background [1, 10]. It actually remains to be es-
tablished if and how any of the peculiar 1D physics carries
over to higher dimensions [14]. In this paper, we take a prag-
matic approach to this problem: we try to verify whether a
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FIG. 1. (Color online) Schematic view of the hole/orbiton propa-
gation in an S=1/2 environment. (a) A hole with 3dx2−y2 symme-
try moves from its original position (second plaquette from top, left
chain) at time t0 and while propagating at a later time t1 it has cre-
ated only one magnetic domain wall at the first hop (cigar shape in
the right chain). (b) In a 2D lattice, or equivalently in a two-leg
ladder, the moving 3dx2−y2 hole creates a trail of magnetic domain
walls. (c) In the buckled two-leg ladder CaCu2O3 studied here,
when the 3dxz orbiton moves (second plaquette from top, left chain),
it creates just one magnetic domain wall as in (a) not only because
interleg domain walls (lightly shaded cigar shape) can be neglected
(due to very weak spin interaction along the rung) but also because
it can move solely along one of the legs of the ladders (due to the
directional hopping of the 3dxz orbital).
realistic system that is not strictly 1D – and thus for exam-
ple spin-charge separation is hard to observe – might never-
theless show fractionalization phenomena for some quantum
numbers, because of the reduced effective dimensionality of
these ‘specific’ quantum numbers.
In this Letter, we present a combined experimental and
theoretical study of the AF anisotropic spin-ladder system
CaCu2O3, cf. Figure 1(c). We look for signatures of spin-
orbital separation, which is conceptually analogous to the
spin-charge separation described above [3, 4]. To this pur-
pose, we use the resonant inelastic X-ray scattering (RIXS)
method that is inherently sensitive to both spin and orbital ex-
citations in cuprate materials [4, 15–18]. Our experimental
results together with theoretical model calculations show that
spin-orbital fractionalization occurs in CaCu2O3 for the xz
orbital channel – as in an ideal 1D system – while confine-
ment is found for the xy orbital channel. From this result, we
convey that diverse orbital symmetries select different degrees
of dimensionality in the same system. Moreover, we demon-
strate that spin-orbital separation is in general much more ro-
bust than spin-charge separation.
CaCu2O3 is a buckled two-leg spin ladder system com-
posed of corner-sharing CuO4 plaquettes [Fig. 1(c)] [21, 22]
building a system of coupled spin chains parallel to the lad-
der leg direction x with a Cu-O-Cu angle of 123◦ along the
q
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FIG. 2. (Color Online) RIXS spectra of CaCu2O3 measured at the
maximum of the Cu L3 resonance, for in-plane polarization of the
incident x-rays, at 40 K. (a) The spectra in the vertical cascade cor-
respond to different momenta q, transferred along the leg direction x
(b ≃ 4.1 A˚). At low energies (below 0.3 eV), the spinon dispersion
clearly emerges [19]. At high energies, orbital excitations dominate
the spectra. The arrows identify the corresponding orbital symme-
try of the hole in the RIXS final state, with the following energy
splittings: 3dx2−y2 at 0 eV (ground state), 3dxy at 1.62 eV, 3dyz at
1.84 eV, 3dxz at 2.03 eV and 3d3z2−r2 at 2.35 eV (see supp. mat.
[20] and Tab. S1). (b) RIXS intensity map of the dispersing mag-
netic excitation. The solid white lines represent the lower and the
upper boundaries of the multi-spinon continuum of a S=1/2 Heisen-
berg chain as in [21]. The dashed white line marks the zero energy
loss.
ladder rung direction y. Just as the well-known 2D cuprate
compounds, the ground state configuration of this system is
dominated by Cu2+ sites in each plaquette with S=1/2 and
one hole [9] localized in the 3dx2−y2 orbital.
In order to investigate the spin and orbital dynamics of
CaCu2O3, we performed high-resolution RIXS experiments
at the Cu L3 edge (for more details, cf. Ref. [20]). RIXS en-
ables to map out the dispersion of these excitations across the
first Brillouin zone of CaCu2O3. The experiments were per-
formed using the state-of-the-art SAXES spectrometer [23]
installed at the ADRESS beamline of the Swiss Light Source
at the Paul Scherre Institute [24].
The RIXS spectra, shown in Figure 2(a) as a vertical cas-
cade for increasing momentum q transferred along the leg
direction x, reveal the presence of strongly dispersing mag-
netic excitations at energies between 0 eV and 0.5 eV. As in-
dicated in Figure 2(b), their momentum dependence exactly
tracks the well-known two-spinon dispersion [19], which is in
perfect agreement with previous neutron scattering data [21]
and confirms the prevalent 1D nature of the spin system. It
3is important to point out however that the low-dimensional
magnetism of CaCu2O3 is not reflected in the electronic band
structure, which exhibits a pronounced 2D character [22].
In the energy region between 1.5 eV to 2.6 eV we ob-
serve orbital excitations, corresponding to the hole [9] in the
3dx2−y2 ground state being excited into a different orbital. We
can unambiguously identify these excitations and their ener-
gies by combining state-of-the-art quantum chemical calcu-
lations [25], which provide realistic estimates for the orbital
sequence and the energy splittings, with local calculations of
the RIXS cross-section based on single ion model (also re-
ferred to as ‘local model’ in what follows) [26], cf. Figure 2
and [20].
The good agreement of this local model and the experimen-
tal data (see suppl. mat. [20]) implies that the orbital excita-
tions into the 3dxy, 3dyz , and 3d3z2−r2 are in fact local exci-
tations within a CuO4 plaquette. However, we observe that in
case of the 3dxz orbital excitation such local description fails
[20] and a propagating orbiton is observed, see Figure 3(a):
by normalizing the spectra for each q to its maximum value,
a clear momentum dependence is revealed, which consists of
a peak shift of 50 meV towards lower energies together with
a strong increase in width by almost a factor of 2 for increas-
ing q. Such momentum dispersion is unusual and is in fact a
direct indication of spin-orbital separation [3, 4].
In order to verify that spin-orbital separation indeed takes
place in CaCu2O3, we analyzed the spin-orbital dynamics of
this material in terms of an effective t–J model. The various
hopping integrals in the model are determined using density
functional theory calculations [27]. Based on these parame-
ters, the effective t–J model [3] for CaCu2O3 can be con-
structed, which takes into account all possible superexchange
processes with virtual states both on copper and on oxygen
sites [28] [see Fig. S2(a) in [20] for details]:
H =− Jxzleg
∑
〈i,j〉||x,σ
(o†iσ,xzojσ,xz+h.c.)+E
xz
0
∑
i
ni,xz
+ Jrung
∑
〈i,j〉||y
Si · Sj + Jleg
∑
〈i,j〉||x
Si · Sj, (1)
Here o†iσ creates a hole in the excited 3dxz orbital on site
i with spin σ, ni,xz counts the number of holes in the 3dxz
orbital on site i, and Si is a spin S = 1/2 operator on site
i. The values of the parameters are (for further details see
suppl. mat. [20]): the on-site energy of the 3dxz orbital ex-
citation Exz0 = 2.03 eV, Jxzleg ≃ 51 meV for the 3dxz orbital
superexchange, Jleg ≃ 134 meV, and Jrung ≃ 11 meV for the
spin superexchange along the leg and along the rung, respec-
tively. We underline that, in the present case, the orbital part
of the Hamiltonian has by itself a 1D character: the reason
behind this lies in the intrinsic one-dimensionality of the 3dxz
orbital hopping, which projects solely along x (within the lad-
der plane) and is completely unaffected by the neighboring
ladders [refer to Fig. S2(a) in [20]].
Using Lanczos exact diagonalization, we determined the
orbiton spectral function [3] for a single 3dxz orbital excita-
tion introduced into the AF ladder, which propagates via the
Hamiltonian H on a 14 × 2-site ladder lattice. The obtained
spectral function is shown in Figure 3(b). In order to facilitate
the comparison to the experiment, we normalize the theoreti-
cal spectra from Figure 3(b) in the same manner as the exper-
imental data and, after including the instrumental broadening,
we present the results in Figure 3(c). Excellent agreement
between theory and experiment is observed. This is further
confirmed by comparing calculated and measured RIXS re-
sponses at two fixed q-values [see Fig. 3(d) and Ref. [20]].
The comparison between the theoretical spectral function in
Figure 3(b) with the one obtained for the purely 1D case [3]
reveals that the 3dxz excitation in CaCu2O3 exhibits all typi-
cal features of spin-orbital separation. This observation is also
verified by a detailed analysis of Equation (1), which at energy
scales E ≫ Jrung effectively describes a 1D t–J model giv-
ing qualitatively the same spectral response as for the 1D case:
having a 1D spin superexchange in the relevant energy scale
is in fact a necessary condition for observing fractionalization.
Higher dimensional effects become important only at energy
scales E ≪ Jrung [21], which are presently not accessible by
the experimentally available RIXS energy resolution.
In a pure 1D system, however, spin-orbital separation man-
ifests also for the 3dxy orbital [4]. In the present case instead,
the good agreement between the 3dxy orbital excitation and
the local model [see Fig. 3(d) at around 1.6 eV and Ref. [20]]
seems not to support fractionalization for this orbital channel.
To investigate the possibility of spin-orbital fractionaliza-
tion for the 3dxy orbital in CaCu2O3, a similar analysis to the
3dxz case has been done. Two finite paths for the orbital su-
perexchange are found in this case, respectively along the leg
and the rung directions as the hole can hop both along x and
y [see Fig. S2(b) and [20] for more details]. Nevertheless, it
occurs that the hopping along the leg of the ladder is blocked
due to a peculiar interplay of the Pauli principle and a strong
inter-ladder hopping between the 2py oxygen orbital in the leg
and the 3dx2−y2 copper orbital in the neighboring ladder [cf.
Fig. S2(b) in [20]]. Because of that, there is a nonzero prob-
ability of having the 2py oxygen orbital in the leg occupied
by a hole coming from the neighboring ladder. Considering
moreover that the spin of the traveling hole from the 3dxy or-
bital is randomly oriented with respect to the spin of the hole
in the 2py orbital, the 3dxy hopping along x can be blocked in
order not to violate the Pauli principle. In this way the coher-
ent travel of the 3dxy orbital along the leg is suppressed: the
3dxy orbital excitation thus results in a localized excitation.
The above discussion of the 3dxy case shows the impor-
tance of the directionality of the orbital motion in establishing
the fractionalization phenomenon. We observe spin-orbital
separation for the strictly 1D 3dxz orbital excitation, though,
at the same time the separation is not possible for the 3dxy
orbital excitation, which is strongly affected by inter-ladder
couplings and, hence, behaves as in a 2D system. Note that
the spin exchange is effectively 1D through both orbitals.
Finally, to quantitatively compare the spin-orbital separa-
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FIG. 3. (Color Online) Experimental and theoretical 3dxz orbital dispersion. (a) Color map of the 3dxz excitation lineshape. Each RIXS
spectrum, in the range 1.8-2.35 eV, is normalized to the 3dxz orbital excitation maximum. Data between −1 <q< −0.6 are masked by the
close 3dyz excitation, which is strong at small q, and have thus been replaced by the mirrored data from the positive q range. The red (top)
and the black (bottom) dots define the 50% and 35% intensity drop with respect to the peak position. The latter is marked by black crosses.
(b) Color map of the exact diagonalization solution for the spin-orbital separation model of CaCu2O3 [see Eq. (1)]. The lines follow from the
orbital-spin separation Ansatz [4] applied to CaCu2O3 which shows the pure orbiton dispersion (solid line) and the edge (dashed line) of the
spinon-orbiton continuum. (c) Normalized theoretical map (b), after broadening by experimental resolution (∆E=130 meV). Dots are taken
from the experimental map (a). (d) Comparison between RIXS experimental lineshapes (blue open dots), local model for all orbital excitations
(dashed green), and combination of local model (for 3dxy, 3dyz and 3d3z2−r2 ) and spin-orbital separation model for 3dxz (red solid line) [20].
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FIG. 4. DOF in various effective t–J models as obtained using the
finite size scaled exact diagonalization: for the isotropic ladder t–J
model (dashed line, DOF=0), for the anisotropic ladder t–J model
Eq. (1) describing the spin-orbital separation in CaCu2O3 (dot
dashed line, DOF≃0.62). These cases are compared with the ideal
1D t–J model, for which the DOF is calculated as a function of J/t
(solid line): J/t ≃ 0.4 (J/t ≃ 3.32) describes the spin-charge (spin-
orbital) separation in Sr2CuO3.
tion observed in CaCu2O3 and in other systems exhibiting
spin-orbital or spin-charge separation, we consider here the
“degree of fractionalization” (DOF), see Fig. 4: this index ex-
presses how well the spinon and the orbiton or holon are sep-
arated from each other, and it ranges from 0 (not separated)
to 1 (fully separated). Namely, given the correlation between
the orbital (or charge) degree of freedom at site i = 1 and the
spin at site i + r, the DOF is the ratio between the correla-
tion for r=∞ and r=1 (see supp. mat. [20] for more details).
Despite the presence of finite inter-leg interaction, we have
verified that the spin-orbital separation in CaCu2O3 is almost
as strong as the one in Sr2CuO3. Moreover, surprisingly, it is
much stronger than the spin-charge separation in the strictly
1D system (Fig. 4). Besides the directional character of the
orbital, the reason behind this behavior lies in the different ra-
tio of the spinon / orbiton and spinon / holon velocities. In fact
the spinon can move away much quicker from the orbiton than
from the holon, i.e. from the quasiparticle at which we look
in the experiment, allowing for an ‘easier’ separation from the
spinon in the spin-orbital case.
In conclusion, the present RIXS experiments and theoret-
ical analysis thus demonstrate spin-orbital separation for the
3dxz orbital in the anisotropic ladder material CaCu2O3. The
spin-orbital separation is therefore not limited to ideal 1D sys-
tems only, but can also survive in systems with the electronic
structure being not strictly 1D. This robustness of the frac-
tionalization of the orbital excitation is related to the inci-
dence of three features: (i) the spin excitations in the weakly
coupled spin ladder CaCu2O3 are essentially spinons on the
here relevant energy scale, (ii) the motion of the orbital ex-
citation can be 1D due to the typical directional character of
orbital hoppings (note here the 3dxy orbiton case for which
the hopping is not 1D and the fractionalization does not take
place) [29, 30], and (iii) spinons are much faster than or-
bitons (typically Jleg ≫ Jxzleg, cf. [3]) which allows for an
easy separation of the two. While the first condition requires
1D spin exchange interactions and is similarly valid for the
spin-charge separation phenomenon, the other two conditions
are generic to the spin-orbital separation phenomenon only
and are rather easy to achieve in a number of systems whose
band structure is not 1D. This therefore suggests that the spin-
orbital separation can be realized in many other correlated
5systems that lack spin-charge separation because they are not
strictly enough 1D.
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1Supplementary Material
A. METHODS
We measured a CaCu2O3 single crystal grown by the
travelling floating zone method [31]. The compound is an
anisotropic two-leg ladder system characterised by two paral-
lel CuO3 chains along the ladder leg direction x, forming an
angle of 123◦ along the ladder rung direction y [see Fig. 1(c)
in the main text]. This buckling strongly influences the elec-
tronic hopping integrals of the system, thus realizing a config-
uration intermediate between 1D and 2D ( cf. following Sec.
C and D).
The measurements were done at a temperature of 40 K
(above the antiferromagnetic ordering temperatureTN=25 K).
The crystal with a [001] surface was cleaved in situ at a pres-
sure of 5×10−10 mbar and oriented along the ladder direc-
tion x, being parallel to the scattering plane. We investigated
the system with RIXS at the Cu L3 edge, since it is well-
established that Cu L3 RIXS can probe orbital excitations
with high sensitivity [15, 18, 26], by exciting at the maximum
of the resonance (E=931.5 eV). The SAXES spectrometer of
the ADRESS beamline of the Swiss Light Source was pre-
pared with a scattering angle of 130◦, achieving a total energy
resolution of 130 meV. The RIXS spectra were acquired for
different values of transferred momentum q along the x di-
rection. By changing the incident angle onto the sample sur-
face from 5◦ to 125◦, a q-range of almost -1 to 1 in units of
pi/b (b ≃ 4.1 A˚) could be spanned. All the spectra shown
in the paper and supplementary information were measured
with linear polarization of the incident x-rays parallel to the
scattering plane, referred to as in− plane polarization. Each
spectrum was recorded for a total time of 30 minutes.
B. IDENTIFYING ORBITAL EXCITATION IN CACU2O3
At energy losses greater than 1.5 eV [cf. Fig. 2(a) in the
main text], four different peaks are distinguishable in the
RIXS spectra of CaCu2O3 and assigned to orbital excitations.
In order to indentify the single contributions, we make use
of two theoretical tools. As mentioned in the main text, the
energy splittings of the orbital excitations are in good agree-
ment with quantum chemical calculations [25], which provide
a crucial hint for assigning the sequence of orbital excitation
energies. However, the individual theoretical energy values,
although very close to the experiment, are overall slightly un-
derestimated. Therefore, in order to finely determine the en-
ergies of the orbital excitations, we made a proper decom-
position of the experimental data, as shown later on in this
section. Concerning the intensities, a qualitative agreement
is obtained for the different scattering geometries by using
a single ion model to calculate the RIXS cross section (so-
called local model, see main text) [26] [see Fig. S1(b) and
(c)]. The individual theoretical responses of each orbital exci-
tation calculated within this model are shown in Figure S1(a)
for in− plane polarization, after having exactly included the
present geometry of the CuO4 plaquette with respect to the
scattering plane.
For the case of purely local orbital excitations, the theo-
retical RIXS spectrum at a specific q can be constructed as
the sum of all the orbital contributions considered as Gaussian
line shapes with momentum independent width Γi and energy
position Ei [see Fig. S1(b)]. While the intensity of each Gaus-
sian curve is given by the single ion responses at a specific
geometry q as discussed in [26], the momentum-independent
width of the nondispersive excitations and the on-site energy
of the orbital excitations are free parameters of this model,
which we determine from the comparison with the experi-
ment while keeping the orbital sequence obtained by quantum
chemical calculations [25]. For the case of CaCu2O3, there is
a very good agreement between the local model and the ex-
periment at q=0 [see Fig. S1(c) and (d)], using the Gaussian
parameters shown in Table I.
CaCu2O3 3dxy 3dyz 3dxz 3d3z2−r2
E(eV) 1.62 1.84 2.03 2.35
Γ (eV) 0.18 0.18 0.19 0.36
TABLE I. Gaussian fitting parameters of orbital excitations in
CaCu2O3, in the local model (3dxz parameters optimized at q=0).
However, for q6=0 important deviations are observed, as
can be clearly seen in Figure S1(e) and (f). These clear devi-
ations from the local model are due to momentum dependent
Ei and Γi of the 3dxz orbital excitation. The comparison of
the experimental data to the local model therefore, on the on
hand, confirms the local nature of the 3dxy, 3dyz and 3d3z2−r2
orbital excitations; on the other hand it raises a question about
the dispersive nature of the 3dxz excitation, which is the cen-
tral focus of the paper.
It is demonstrated in Figure 3(d) in the main text that the
asymmetric and broad 3dxz experimental lineshape is per-
fectly accounted for by the orbiton spectral function calcu-
lated using Equation (1) and shown in Figure 3(b) (both re-
ferring to the main text; cf. Sec. C below). The calculated
spectral function not only presents a momentum dependent
line shape / width, but also has a momentum dependent peak
position with a maximum dispersion of ∼50 meV. In order to
perform a direct comparison between the theoretical spectral
function and the experimental RIXS data, the spectral func-
tion has to be multiplied by the single ion response function,
which accounts for the specific geometry of the actual exper-
iment. As can be observed in Figure 3(d) in the main text
(red line), the resulting theoretical RIXS spectrum is now in
extremely good agreement with the experimental data, in the
whole range of momentum q that is accessible in RIXS.
At the same time, the very good agreement between the
3dxy orbital excitation and the local picture strongly confirms
the confinement of the 3dxy orbital excitation (cf. Sec. D).
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FIG. 5. RIXS orbital excitation of CaCu2O3 in the local model. a, Single ion responses of 3dxy, 3dyz, 3dxz and 3d3z2−r2 excitations,
calculated by considering an angle of 61.5◦ between the plaquette plane and the scattering plane (direct consequence of the buckled structure
of CaCu2O3). b, Theoretical RIXS spectrum (green solid line) constructed as the sum of the single Gaussian contributions corresponding to
the different dd excitations [thin solid lines, with the same color code as in a]. The blue dotted line is the corresponding experimental spectrum
at q=0. All the theoretical spectra in this figure are calculated using the Gaussian parameters of Tab. I. c (d), Vertical stack of theoretical
(experimental) RIXS spectra, for positive q values (we focus on this q range, since the intensities of the 3dxy and 3dxz excitations are here
stronger than for negative q, thus allowing to better resolve their contributions). e (f), Comparison between experiment (blue dotted line) and
single ion theory (green solid line) for q=1.0 (q=0.5), respectively.
C. SPIN-ORBITAL SUPEREXCHANGE MODEL FOR THE
3dxz ORBITAL EXCITATION
As mentioned in the main text of the paper the dominant or-
bital superexchange processes for the 3dxz orbital excitation
are along the ladder leg direction x and follow from the rela-
tively large hopping between the 3dxz orbital and the neigh-
boring oxygen 2pz orbital, [cf. Fig. S2(a) and Fig. 1(c) in the
main text]. Taking into account not only all possible superex-
change processes contributing to the superexchange along this
direction (which take place both on copper and on oxygen
sites, cf. [4, 28]) but also the full multiplet structure of the
virtual doubly occupied oxygen 2p2 and copper 3d2 configu-
ration [4, 28] we obtain
Jxzleg=
(2tpi1legt
σ
leg)
2Rxz
U(∆σ + Vdp)(∆pi + Vdp)
≃ 0.051 eV, (2)
where (in the hole notation, cf. [4], and presenting only the
absolute values of the hoppings below) tpi1leg ≃ 0.61 (tσleg ≃
1.16) eV is the hopping element between Cu 3dxz and O 2pz
orbital (dx2−y2 and px orbital), U ≃ 8.8 eV is the Hubbard
repulsion on Cu site, ∆σ ≃ 3.0 eV (∆pi ≃ 1.5 eV) is the
on-site charge transfer energy from 3dx2−y2 (3dxz or 3dxy)
orbital to one of the oxygen 2p orbitals, Vdp ≃ 1 eV is the
intersite Coulomb repulsion. Finally, Rxz takes care of the
multiplet structure of the virtual excited states on copper and
oxygen and reads
Rxz = (3R
b
1 + 3r
b
1 +R
b
2 + r
b
2)/8 ≃ 2.08, (3)
where rb1 = 1/(1 − 3JbH/U), rb2 = 1/(1 − JbH/U), Rb1 =
2U/[∆σ+∆pi+Up(1−3J
p
H/Up)], and Rb2 = 2U/[∆σ+∆pi+
Up(1 − J
p
H/Up)]. Except for the hopping elements obtained
from the band structure FPLO calculation [27] the parame-
ters follow from Ref. [32] and we assumed for the Hubbard
repulsion on the oxygen site Up ≃ 4.4 eV, for the Hund’s ex-
change for electrons in the a ≡ 3dx2−y2 and b ≡ 3dxz orbitals
JbH ≡ J
ab
H ≃ 1.2 eV, for the Hund’s exchange for electrons in
the a ≡ 3dx2−y2 and c ≡ 3dxy orbitals JcH ≡ JacH ≃ 0.69 eV,
and for the Hund’s exchange for electrons on the oxygen site
JpH ≃ 0.83 eV.
3Next, we look at the possible superexchange processes
along the rung direction y of the ladder, cf. Figures S2(a) and
S2(c). It occurs that Jxzrung = 0 because the hopping element
from the copper 3dxz orbital to the weakly hybdridizing oxy-
gen 2px orbital along the rung direction y is non zero only due
to the buckling of the ladders but nevertheless it is negligible
(it is of the order of ≃ 0.04 eV in our FPLO calculations).
As mentioned in the main text the 90◦ Cu-O-Cu angle be-
tween the ladders leads to very weak and frustrated interlad-
der spin superexchange which can be neglected. A prori, also
the orbital superexchange should not be affected by the pres-
ence of the neighboring ladder. While this is indeed true in
the ionic picture, this changes if we take into account strong
covalency effects present in CaCu2O3 (Note that: (i) quantum
chemical calculations [33] show that CaCu2O3 is even more
covalent than Sr2CuO3 for which it was already reported that
covalency effects played a huge role in e.g. its magnetic prop-
erties [34], and (ii) e.g. Ref. [35] suggests that in the ground
state there are as many holes on the oxygen as on the cop-
per.) Thus the strong hybridization between the neighboring
ladders (tσil ≃ 1.22 eV) leads to a finite number of holes to
be located in the 2py orbital on oxygen and this renormalizes
the superexchange Jxzleg due to the stronger Coulomb repul-
sion on oxygen (Up) when this hole is present. In our qual-
itative model for the 3dxz orbital, however, we can skip this
interaction; instead a similar interladder covalency effect will
become crucial for the analysis of the 3dxy orbital excitation.
Altogether, combining the orbital superexchange interac-
tion derived above with the well-known result for the spin su-
perexchange interaction in the buckled ladder CaCu2O3, we
obtain the following Hamiltonian which jointly describes the
spin and orbital superexchange
H ≡ Hxz =− J
xz
leg
∑
〈i,j〉||x,σ
(o†iσ,xzojσ,xz+h.c.)+E
xz
0
∑
i
ni,xz
+ Jrung
∑
〈i,j〉||y
Si · Sj + Jleg
∑
〈i,j〉||x
Si · Sj, (4)
i.e. Equation (1) in the main text of the paper (the notation
used in the above equation is also explained in the main text
of the paper). Throughout the paper we assume the values
of the spin superexchange following Ref. [22] which gives
Jleg ≃ 0.134 eV, and Jrung ≃ 0.011 eV and agrees well
with experimental considerations from Ref. [21]. Let us
also stress that both the experimental value of Jleg ≃ 160
meV as decuced from our RIXS experiment as well as the
spin superexchange as calculated using the hopping elements
from our FPLO calculations and used to obtain the values of
the orbital superexchange agrees within 15% accuracy with
this commonly accepted value of Jleg. Note that the notation
for the orbital superexchange (explained in the main text of
the paper) is different than the notation for the spin superex-
change as the above spin-orbital model is written in the ‘t-J’
model representation [3] which is very convenient for study-
ing orbiton propagation. Finally, let us note that in the above
equation, besides the superexchange interactions, we also in-
cluded the on-site energy cost of creating an orbital excitation
in the 3dxz orbital. While the energy cost of such local orbital
excitation can be well-estimated using the quantum chemical
calculations [25] (Exz0 = 1.87 eV), in this paper we deduce
this number directly from the RIXS experiment and obtain
Exz0 = 2.03 eV (which actually matches very well the fully
ab-initio and parameter free quantum chemical calculations).
D. SPIN-ORBITAL SUPEREXCHANGE MODEL FOR THE
3dxy ORBITAL EXCITATION
We now turn our attention to the possible propagation of
the 3dxy orbital excitation. A similar analysis as above at first
sight leads to two finite paths for orbital superexchange: along
the ladder rung and leg, cf. Figures S2(b) and S2(c). This is
because from the 3dxy orbital the hole can hop along both the
x and y direction, despite the buckling of the ladder. Thus we
obtain
Jxyleg =
(2tpi2legt
σ
leg)
2Rxy
U(∆σ + Vdp)(∆pi + Vdp)
≃ 0.042 eV, (5)
where tpi2leg ≃ 0.58 eV is the hopping element between Cu dxy
and O py orbital and
Rxy = (3R
c
1 + 3r
c
1 +R
c
2 + r
c
2)/8 ≃ 1.93, (6)
takes care of the multiplet structure (see Sec. C) where rc1 =
1/1− 3JcH/U , r
c
2 = 1/(1− J
c
H/U), R
c
1 = 2U/[∆σ +∆pi +
Up(1−3J
p
H/Up)], andRc2 = 2U/[∆σ+∆pi+Up(1−J
p
H/Up)].
However, the hybridization with the neighboring ladder
(tσil ≃ 1.22 eV), as discussed in the main text, is not negli-
gible [cf. Fig. S2(b)]. This is because the presence of holes in
the oxygen 2py state cause the blocking of the superexchange
processes along the leg for the 3dxy orbital: if the hole occu-
pying this orbital has its spin pointing in the same direction
as the hole in the 3dxy orbital (and due to frustration in spin
interaction between the ladders [21], there is 50% probability
for this situation), then the superexchange for 3dxy orbital is
prohibited [cf. Fig. S2(b)]. In this way the Jxyleg orbital su-
perexchange along the leg for the 3dxy orbital cannot lead to
coherent motion of the orbiton along the ladder leg. In gen-
eral, this shows another peculiar interplay between neighbor-
ing ladders which, also in many other circumstances, should
not be considered as decoupled [36].
On the other hand, the orbital superexchange along the rung
is not affected by the above processes [cf. Fig. S2(b)] and is
equal to
Jxyrung =
4(tpirung)
2[(tσrung)
2 − (tσpirung)
2]Rxy
U(∆σ + Vdp)(∆pi + Vdp)
≃ 0.074 eV,
(7)
where tpirung ≃ 0.81 eV (tσrung ≃ 1.10 eV) is the hopping
element between Cu 3dxy and O 2px orbital (3dx2−y2 and 2py
4rung(y)
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FIG. 6. (a) [(b)] Schematic view of the orbital superexchange pro-
cesses for the 3dxz (3dxy) orbital excitation: the copper (oxygen)
sites are depicted with circles consisting of two (three) orbitals rel-
evant for the particular superexchange processes which can only be
finite if two single-headed arrows (indicating the hopping between
orbitals) connect the copper sites, respectively. The double-headed
arrows show possible delocalization of the 3dx2−y2 hole from the
neighboring ladder into the oxygen orbital in the ladder under con-
sideration which may lead to blocking of superexchange processes
due to Pauli principle [cf. the 2py orbital colored in black in panel
(b)] – thus the grey areas show these Cu-O-Cu bonds along which
the orbital superexchange is finite. (c) Finite orbital superexchange
processes as obtained from panel (a) [(b)] for 3dxz (3dxy) orbiton
represented as solid lines in the ladder geometry (the dotted lines
show bonds along which only the spin superexchange can be finite).
orbital), and tσpirung ≃ 0.56 eV is the hopping element between
3dx2−y2 and 2pz orbital which is finite due to the buckling of
the ladders. Note that the minus sign in (tσrung)2 − (tσpirung)2
in the above equation follows from the different signs of the
hopping elements between the 2pz orbital and the 3dx2−y2 to
the left / right in the rung.
Adding the anisotropic spin superexchange interactions
Jleg and Jrung (and the on-site energy of the orbital excita-
tion Exy0 = 1.84 eV as obtained from the RIXS experiment,
cf. Sec. B), we obtain:
Hxy =− Jxyrung
∑
〈i,j〉||y,σ
(o†iσ,xyojσ,xy+h.c.)+E
xy
0
∑
i
ni,xy
+ Jrung
∑
〈i,j〉||y
Si · Sj + Jleg
∑
〈i,j〉||x
Si · Sj. (8)
Again Jrung ≪ Jleg, but since the 3dxy orbiton cannot hop
along the leg now (see above), it is confined along the rung
direction x and cannot lead to the orbital dispersion along the
leg y direction [cf. Fig. S2(c)].
E. ‘ROBUSTNESS’ OF SPIN-ORBITAL SEPARATION.
As discussed in the main text, in general the spin-orbital
separation phenomenon seems to be very robust because: (i)
the motion of the 3dxz orbital excitation is strictly 1D, and (ii)
spinons are much faster than orbitons (due to Jleg ≫ Jxzleg)
which enables an easy separation of the two.
The “degree of fractionalization” introduced in the main
text allows to compare the degree of spin-orbital (hole) sep-
aration between different systems. Such a quantity is the ratio
between the correlation of a spin at r=0 with an orbital (hole)
at r=∞, and the correlation between a spin at r=0 with an or-
bital (hole) at r=1. If spin and orbital (hole) are fractionalized
(separated) perfectly, then they are unperceiving to each other.
Thus, the existence probability for a spin at r=0 is constant
and independent from an orbital (hole) at a position between
r = 1:∞. The “degree of fractionalization” should be there-
fore 1 in this case. When spin and orbital (hole) are bounded
or mixed for some reason, the correlation instead has a max-
imum value at r=1 in the t-J model. As a result, the ratio is
reduced from 1, which means that the “degree of fractional-
ization” is weakened.
In this work, we performed finite-size-scaling analysis of
the spin-orbital (hole) correlation to estimate its value at infi-
nite distance. The results are represented in Fig. 4 of the main
text for the spin-orbital (hole) separation in Sr2CuO3 and
CaCu2O3. For 2D systems, the degree of fractionalization is
estimated to be zero since the correlation decays algebraically
towards zero at infinite distance.
It occurs, firstly, that the spin-orbital separation in the buck-
led ladder CaCu2O3 is almost as strong as the spin-orbital
separation in Sr2CuO3 and the difference between them
almost entirely stems from the weaker spin superexchange
along the ladder leg in CaCu2O3, cf. Fig. 4 in the main
text. This striking similarity between these two cases origi-
nates from the 1D (‘directional’) nature of the hopping of or-
bitals (cf. Fig. S2 and Fig. 1 from the main text): had the
hopping from the excited orbital been less anisotropic (e.g.
2D), the spin-orbital fractionalization would have been more
or less destroyed (cf. the lack of spin-charge fractionaliza-
tion in the isotropic ladder or 2D cases). Secondly, despite the
weak interladder spin interactions, the degree of spin-orbital
separation in CaCu2O3 is much larger than the degree of frac-
tionalization of the spin and charge in Sr2CuO3, cf. Fig. 4
in the main text. This happens because the ratio of the ve-
locities of spinon and orbiton / holon is entirely different in
these two cases: in Sr2CuO3 spinon is slower than holon
(J < t in a typical t–J model describing spin-charge sepa-
ration [2, 37, 38]), while in CaCu2O3 spinon is faster than
orbiton [cf. Jleg ≫ Jxzleg in Eq. (S3) and Ref. [3]]. Therefore,
5the spinon can move away much quicker from the orbiton than
from the holon, i.e. from the quasiparticle at which we look
in the experiment allowing to verify the degree of separation
from the spinon.
Finally, let us here comment on the question whether this
generic ‘robustness’ of the spin-orbital separation with respect
to spin-charge separation might mean that the latter cannot
be seen in CaCu2O3 (as stated above, so far it has not been
observed experimentally). Here, we suggest, that the answer
depends on the values of the effective hopping parameters in
CaCu2O3: while according to [22] the only other (than the leg
direction) non-negligible hopping is the rung hopping t which
is three times smaller than the leg hopping and allows for a
degree of fractionalization substantial enough to be observed
(it is ca. 10% smaller than in Sr2CuO3), we cannot exclude
that in reality other long-range hoppings are still large enough
to destroy the fractionalization. This is because, the hopping
from the 3dx2−y2 is not ‘directional’ and the ratio of J/t is
low, leading to a weak fractionalization regime already in the
case of spin-charge separation in Sr2CuO3.
